Summary The discharges of cardiac and intestinal sympathetic efferent, ear skin temperature, arterial pressure, and heart rate were simultaneously recorded in anesthetized, immobilized, and artificially ventilated rabbits. The responses to hypoxia and hypercapnia of various degrees, to asphyxia, and to thermal stimulation of the spinal cord were observed. Cardiac sympathetic activity and as indirectly determined cutaneous sympathetic activity were reduced during moderate to severe hypoxia and during hypercapnia, whereas splanchnic activity increased. In states of extreme hypoxia or asphyxia (PaO2 below 20-25 mm Hg) there was a generalized increase of cardiac and intestinal sympathetic activity. During spinal cord cooling cutaneous vasoconstriction was evoked, while cardiac and intestinal sympathetic activity decreased. During spinal cord heating the reverse response, i.e., reduction of vasoconstrictor tone in the skin and increase of cardiac and intestinal sympathetic activity, was elicited. Bilateral vagus transection did not change the patterns of regional differentiation of sympathetic efferents observed during changes of blood gas composition and central thermal stimulation. Comparison of the heart rate responses in non-vagotomized and vagotomized animals revealed that both vagal and sympathetic efferents contributed to the heart rate responses observed in the present investigation.
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Thermal stress and deviations of blood gas composition from the normal state are known to induce typical differentiated circulatory responses with adjust-M. IRIKI, W. RIEDEL, and E. SIMON ments of local resistance to flow of opposite directions in different vascular beds (CHALMERS et al., 1965 (CHALMERS et al., , 1967 KULLMANN et al., 1970; SCHONUNG et al., 1971) . As shown by recent investigations, antagonistic changes in visceral and cutaneous sympathetic activity contribute to redistribution of blood flow between skin and intestine under these conditions (WALTHER et al., 1970; IRIKI et al., 1971 a, b, c; RIEDEL et al., 1972) . Thus, qualitative differentiation, that is, "reciprocal innervation" has been established as a principle of nervous control of regional blood flow (SIMoN, 1971) . It should be supposed from indirect evidence that differentiation of sympathetic outflow is not limited to the functional antagonism between cutaneous and visceral vascular beds, originally known as the "law of DASTRE and MORAT" (1884). For instance, the typical cardiovascular response to hypoxia in rabbits consists not only in reciprocal changes of intestinal and ear skin blood flow, but also in pronounced bradycardia (CHALMERS et al., 1965) . Further, reduction of cardiac sympathetic activity seems to contribute to this slowing of heart rate, since it is only partially abolished by blockage of the vagus efferents . The present investigation was carried out in order to evaluate further components of the patterns of sympathetic differentiation during changes in blood gas composition and thermal stress. For this purpose, the courses of activity in sympathetic efferents presumably confined to the heart were compared with the responses of cutaneous and intestinal sympathetic efferents during hypoxia and hypercapnia of different degrees, asphyxia, and thermal stimulation of the spinal cord. activity was semi-quantitatively evaluated by expressing the recorded integrator deflection amplitudes in millimeters of deflection per 10 sec of integration (calibration in millivolts per second was not made, since electronic noise was not completely eliminated from integration). The average amplitudes during the last 2 min of the prestimulation periods were used as the reference activity levels. The course of regional sympathetic activity during the experimental periods with hypoxia (8% O2) and hypercapnia (8% and 20% CO2) was determined by evaluating the changes in the integrator deflection amplitudes relative to prestimulation activity. The changes in amplitude (in mm/ 10 sec) were calculated for the following time intervals : 1-2 min and 3-4 min after start of hypoxic or hypercapnic ventilation; 2-4 min and 5-7 min after the end of hypoxia and hypercapnia.
MATERIALS AND METHODS
In the experiments in which the animals were submitted to hypoxic ventilation with 3% O2 or to asphyxia, changes in integrated sympathetic activity relative to the prestimulation activity were calculated for the following time intervals : first half of stimulation period (except the first 30 sec), last minute of hypoxia or asphyxia, 30 to 60 sec after stimulation, and 4 to 5 min after stimulation. In the experiments with spinal cord heating and cooling, periods of 2.5 min were evaluated before, during, and after thermal stimulation according to the method used in previous investigation (WALTHER et al., 1970) . Arterial mean pressure (Pm = Pdiast. + 0.3 (Psyst. -Pdi ast.)), heart rate (H.R.) and the temperature of the rectum (Tre), vertebral canal (TV,), and ear skin (Tright ear, Tleft ear) were evaluated every minute from the recordings. For all measured parameters the statistical significance of differences between paired observations was controlled with the Wilcoxon matched-pair s signed-ranks test (WiLcoxoN, 1947) .
RESULTS

A. Changes in blood gas composition
Arterial hypoxia induced by ventilation with 8% oxygen in nitrogen resulted, as a rule, in a depression of cardiac and a simultaneous rise of splanchnic sympathetic activity. The changes in the sympathetic discharges are demonstrated by Fig. 1 . The antagonistic changes of activity in the recorded sympathetic branches are clearly visible from the directly recorded potentials as well as from the integrator signal deflections which were used for the semi-quantitative evaluation of the responses. Further, as indicated by the trace of arterial pressure, heart rate decreased during hypoxia. The rise of the recorded ear skin temperatures indicated cutaneous vasodilatation due to regional depression of sympathetic activity (IRIKI et al., 1971b) . On the whole, the pattern of regional sympathetic responses described above corresponds to the early component of the circulatory response to prolonged hypoxic ventilation as described by . activity, after its initial drop, showed a gradual rise during the period of hypoxic ventilation, but hypoxic depression could nevertheless be recognized for at least 20 min. The course of heart rate was very similar to that of cardiac sympathetic activity in this vagotomized animal. As judged from the courses of ear skin temperatures, cutaneous sympathetic activity remained depressed as long as arterial oxygen tension was low. Likewise, the increase of splanchnic activity persisted throughout the whole period of hypoxic ventilation. Figure 3A summarizes the results of 10 experiments with hypoxic ventilation of 4 min duration in order to demonstrate the opposite reactions of cardiac and splanchnic sympathetic efferents to the fall of arterial oxygen tension. These changes in activity in both sympathetic nerves were highly significant. During hypoxia, the heart rate dropped to about half of its prestimulation value. After the end of hypoxia the recorded parameters returned more or less completely to their prestimulation levels within 4-8 min. Fig. 3B summarizes the results of four periods of hypoxia performed in bilaterally vagotomized rabbits. Cardiac and splanchnic sympathetic activity changed during hypoxia in the same manner as in intact non-vagotomized animals. However, the degree of bradycardia was much smaller in the vagotomized group. This indicated the participation of vagal efferents in the hypoxic slowing of heart rate in intact animals. In both groups of experiments a moderate rise of arterial pressure occurred during hypoxia. The courses of ear skin temperatures for intact animals as described in Table 1 indicate cutaneous vasodilatation, presumably due to the decreased cutaneous sympathetic activity. As shown in Fig. 3C , hypercapnia by ventilation with 8 % CO2+20 % 02 in N2 likewise induced a depression of cardiac and slight increase of intestinal sympathetic activity. A similar decrease of heart rate occurred as during hypoxia. Bilateral vagotomy (Fig. 3D) did not alter the regional sympathetic responses, however, bradycardia was less pronounced.
During severe hypercapnia (20 % CO2+20 % 02 in N2) the same antagonism between cardiac and intestinal sympathetic responses was observed, and the changes were more pronounced. 8 experiments), cardiac sympathetic activity was reduced by 66.5 mm/ 10 sec in the integrator deflection amplitude. The integrated splanchnic activity was reduced by 80.5 mm/ 10 sec. Heart rate dropped from 269/min to 158/min. Under the same conditions a reduction of cutaneous sympathetic activity had also been observed in a previous investigation (IRIKI et al., 1971b) , but cutaneous vasomotor supply seemed to be less sensitive to changes in arterial CO2 tension than cardiac and intestinal sympathetic efferents. Investigation of cutaneous and splanchnic sympathetic efferents in a preceding series of experiments (IRIKI et al., 1971 a, b) had shown that a drop in arterial oxygen tension below a critical level replaced the depression of cutaneous sympathetic activity by a rise which paralleled the increase of splanchnic activity. Figure 4 demonstrates that this is true also for cardiac sympathetic activity. Figure  4A shows that ventilation with 3 % 02 in N2 for 2-3 min induced a continuous increase in splanchnic activity. Cardiac sympathetic activity decreased during the first 1-2 min until PaO2 reached a level similar to that during ventilation with 8 % O2 in N2 (see Tables 2 and 3 ). When PaO2 dropped further, cardiac sympathetic activity began to rise in conjunction with splanchnic activity and it finally Table 3 . Blood gas tensions (PaO2 and PaCO2) before, during, and after severe hypoxia (3 % 02 in N2) and asphyxia in intact and vagotomized rabbits. Means (x) with standard errors (sx).
exceeded its prestimulation level by a considerable extent. Heart rate dropped considerably during the first 1-2 min of hypoxia. During the second phase of extreme hypoxia, however, the heart rate did not decrease further, but not increase in spite of the increased cardiac sympathetic activity. A similar biphasic response of the recorded sympathetic activity confined to the heart was observed during asphyxia (Fig. 4C) . In both experimental groups arterial pressure rose distinctly during hypoxic and asphyxic stimulation. Perhaps as a consequence of this blood pressure rise, a post-stimulatory inhibition of activity occurred in the cardiac and intestinal sympathetic efferents during the first minute after the end of severe M. IRIKI, W. RIEDEL, and E. SIMON hypoxia and asphyxia. As shown by Table 1 , ear skin temperatures rose distinctly during hypoxia and asphyxia; this was presumably caused by the depression of cutaneous sympathetic activity as observed by IRIKI et al. (1971a) during the first phase of stimulation.
In vagotomized rabbits (parts B and D of Fig. 4) , the changes in cardiac and intestinal sympathetic activity levels during hypoxia with 3 % 02 in N2 and during asphyxia were, in principle, the same as in intact animals. Apparently because the contribution of the vagal efferents to the sl owing of heart rate had been excluded in these animals, the fall of heart rate was much smaller during the first phase of the experimental periods. During the second phase of increased cardiac sympathetic activity, heart rate rose again in all animals tested. However, on the average, it did not rise above the prestimulation level.
The results above in various experimental conditions indicate obviously that a decrease in activity of intrathoracic sympathetic nerve was always associated with a fall in heart rate. From the observations made in vagotomized animals it may be concluded that changes in cardiac sympathetic activity contributed to the adjustment of cardiac function. However, activation of vagal efferents seemed to play a predominant role in hypoxic or hypercapnic slowing of heart rate. In states of extreme hypoxia and of asphyxia, the relations between cardiac sympathetic activity and heart rate were less clear. In non-vagotomized animals the increase in cardiac sympathetic activity during the 2-3 min of the experimental periods the decrease in heart rate did not progress. This might be explained by the predominant influence of activated vagal efferents on the heart. However, in vagotomized animals the re-increase of heart rate during the second phase of extreme hypoxia and asphyxia was likewise only moderate, although cardiac sympathetic activity rose considerably above the prestimulation level. Since a slowing of frequency of the isolated rabbit's heart during hypoxia had previously been demonstrated by SZEKERES et al. (1958) , it was further assumed that this depressing effect on the cardiac pacemaker counteracted the influence of increased sympathetic activity during severe hypoxia. This question was investigated in 4 animals which were submitted to 2-3 min asphyxia before and after vagotomy and after additional exclusion of the sympathetic innervation by peridural anesthesia. In the animals with intact vagus nerves, heart rate fell, on the average, from 302/min to 118/min during asphyxia. After vagotomy, the heart rate decreased during asphyxia from 309/min to 234/min. Abolition of sympathetic activity reduced heart rate to 218/min at normal arterial oxygen tension. Additional asphyxia caused a further drop of heart rate to 189/min within 2 min.
B. Thermal stimulation of the spinal cord Figure 5 demonstrates regional sympathetic responses of 8 rabbits to spinal cord cooling and of 10 rabbits to spinal cord heating. The courses of the rectal, vertebral canal and skin temperatures are shown in Table 4 . With respect to the changes in cutaneous and intestinal sympathetic activities, the results of the present study agree with the previous observations (WALTHER et al., 1970) . As shown by the left side of Fig. 5 , a slight but significant fall in ear skin temperatures indicating increased vasoconstrictor tone was induced by the spinal cord cooling. Splanchnic with spinal cord cooling, while arterial mean pressure rose slightly. On the other hand, spinal cord heating increased the activity in both cardiac and intestinal sympathetic efferents, thus leading again to parallel responses in these visceral sympathetic branches (Fig. 5, right) . The rise in ear skin temperatures indicated a vasodilatation of the ear skin vessels and a corresponding reduction of cutaneous sympathetic activity as previously demonstrated (WALTHER et al., 1970) . On the average, arterial mean pressure and heart rate did not change significantly during spinal heat stimulation.
From the results described above, it can be concluded that there is a correspondence between the courses of cardiac sympathetic activity and of heart rate for spinal cord cooling. However, during spinal cord heating, there was a lack of correspondence. This could have been due to additional vagus effects on the heart. Therefore, spinal cord heating was performed in 4 bilaterally vagotomized rabbits. Figure 6 shows an example of the experiments (A) and the average responses (B) of regional sympathetic activity, heart rate, and arterial pressure. An increase in heart rate along with the increased cardiac sympathetic activity was observed. This is confirmed by the average response curves of Fig. 6B , in all animals a rise in heart rate being observed during spinal cord heating.
On the other hand, the decrease in heart rate during spinal cord cooling remained the same after vagus transection in 2 out of 4 animals. 
DISCUSSION
The presented results support the hypothesis that the sympathetic nervous system is able to bring about qualitatively differentiated responses in diverse vascular areas. Furthermore, the observations made during changes in blood gas composition and during thermal stimulation of spinal cord have revealed that different patterns of activity may be generated in response to different types of stimulation. This is most obvious when, the responses to moderate hypoxia (e. g., Fig. 2 ) and to spinal cord heating (e. g., Fig. 6A ) are compared. During hypoxia, cutaneous and cardiac sympathetic activities changed in the same direction, and in the opposite direction to the change in splanchnic activity. During spinal cord heating cutaneous and splanchnic sympathetic activities underwent the same opposite changes but cardiac sympathetic activity followed the course similar to splanchnic activity. Several other types of differentiated sympathetic responses have recently been described (SKINNER et al., 1971; DELIUS et al., 1972; HAGBARTH et al., 1972) , which all support the conclusion that a variety of patterns of qualitative differentiation may be produced by the sympathetic nervous system under various natural and experimental conditions.
The patterns of regional sympathetic activity observed during thermal stimulation of spinal cord seem to rule out the hypothesis that qualitative differentiation could be based on the segmental arrangement of the sympathetic outflow. This follows from the fact that the sympathetic efferents to the heart and to the skin, which are known to originate in the same upper thoracic segments (LANGLEY, 1903; MONNIER, 1963) , behaved in the opposite manners during spinal cord heating as well as during spinal cord cooling. It is thus concluded that autonomic efferents, regardless of their segmental origin, may be activated or inhibited independently of, or in conformity with, each other, depending on the functional requirements in the special situation.
In order to evaluate the functional significance of the sympathetic nerve branches running from the stellate ganglion presumably to the heart which were investigated in this study, its activity changes were compared with the changes in heart rate under all experimental conditions. On the whole, a satisfactory correlation between these parameters was observed, provided that the additional influences of vagal efferents and the direct effects of hypoxia on the heart were taken into consideration. Owing to the methodological limitations of the evaluation of sympathetic activity, no conclusion can be drawn from the present results on the quantitative relation between cardiac sympathetic activity and heart rate.
The pattern of qualitative differentiation was observed during changes of arterial oxygen tension only within a limited range of decreased PaO2. Its fall below a critical level of about 20-25 mm Hg evoked uniform increase in sympathetic activity. While this may be due to a direct hypoxic effect on central nervous tissue (ALEXANDER, 1945) , the differentiated sympathetic response that was seen during moderate hypoxia seems to be evoked by the stimulation of the arterial chemoreceptors (CHALMERS et al., 1967; . Further, it seems to be mediated by a suprabulbar autonomic control system, since in pontine, atropinized rabbits no decrease in heart rate was found during hypoxia (UTHER et al., 1970) . A supraspinal origin has also been assumed for the differentiation of sympathetic activity during thermal stimulation of the spinal cord as well as of the hypothalamus and the skin (RIEDEL et al., 1972) . This vasomotor reaction apparently represents a part of the full thermoregulatory response in the hypothalamic center of temperature regulation when peripheral or central temperature sensors are adequately stimulated.
